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from a tomogram of an eye to be examined, exudate
extraction means for extracting an exudate region from a
fundus image of the eye to be examined, registration means
for performing registration between the tomogram and the
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tomogram using the boundaries of the retina layers, the
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tomogram exudate extraction means for extracting an exu-

date region in the tomogram from the specified region using
the likelihoods.
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1
IMAGE PROCESSING APPARATUS FOR
PROCESSING A TOMOGRAM OF AN EYE
TO BE EXAMINED, IMAGE PROCESSING
METHOD, AND COMPUTER-READABLE
STORAGE MEDIUM

TECHNICAL FIELD

The present invention relates to an image processing
apparatus, image processing method, and computer pro-
gram, which assist an image diagnosis of an eye portion.

BACKGROUND ART

Ophthalmic examinations are commonly made for the
early diagnosis of various diseases that come before life-
style-related diseases and causes of blindness. A tomography
apparatus for an eye portion such as an OCT (Optical
Coherence Tomography) is expected to be effective to give
more adequate diagnoses of diseases since it allows to
three-dimensionally observe the state of the interior of retina
layers.

A CAD (Computer-Aided-Diagnosis) technique using a
computer is needed for the purpose of reducing the loads on
diagnoses by doctors using the OCT. Functions required for
the CAD for the OCT include, for example, a function of
acquiring the three-dimensional (3D) position, shape, and
distribution state of a morbid portion from an OCT image so
as to grasp the degree of progress of a disease. Another
example of the functions includes a function of presenting a
temporal change associated with, for example, the shape of
a morbid portion in correspondence with a set of OCT
images of a single eye to be examined, which are captured
at different times.

An image processing unit which implements such
advanced diagnosis assistant functions is generally premised
on that a morbid portion is extracted from an OCT image in
pre-processing. Since the precision of analysis results to be
presented is influenced according to this extraction precision
of the morbid portion, implementation of high-precision
morbid portion extraction processing has a very important
implication. The present invention focuses attention on an
exudate as one of lesions of eye portions.

A method to detect an exudate from a 3D OCT image with
high precision has not been proposed yet. In general, an
exudate has, as image features, a higher intensity than a
surrounding portion and a massive structure. However, the
OCT image includes locally high-intensity regions such as a
nerve fiber layer, a junction between inner and outer pho-
toreceptor segments, and a surrounding portion of a retinal
pigment epithelium boundary in addition to the morbid
portion. The current image quality of the OCT image does
not have a sufficient contrast between the morbid portion and
its surrounding portion. For this reason, it is difficult to
extract an exudate with high precision by only focusing
attention on the aforementioned image features.

As one solution for such problem, a region that is to
undergo image analysis is limited in advance using infor-
mation of the morbid portion obtained by another modality.
A means for specifying a region to be limited in this way is
disclosed in Japanese Patent Laid-Open No. 2007-325831.

FIG. 1 is a schematic view for explaining the invention
disclosed in Japanese Patent Laid-Open No. 2007-325831,
and shows a typical cross-sectional image (B-scan image) of
an OCT image. FIG. 1 illustrates an inner limiting mem-
brane 101, a boundary 102 between an optic nerve fiber
layer (stratum opticum) and its underlying layer, a junction
103 between inner and outer photoreceptor segments, a
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retinal pigment epithelium boundary 104, and a blood vessel
105 in retina layers. In Japanese Patent Laid-Open No.
2007-325831, a blood vessel region is extracted from a
fundus image of a single eye to be examined, so as to detect
a blood vessel of an OCT image (not a morbid portion), and
that position is projected onto the OCT image, thereby
specifying a region where the blood vessel exists in the OCT
image. As can be seen from FIG. 1, a region between broken
lines 106 and 107 is a region obtained by projecting, onto the
OCT image, the blood vessel region obtained from the
fundus image, and the region where the blood vessel exists
is specified.

SUMMARY OF INVENTION

With the invention described in Japanese Patent Laid-
Open No. 2007-325831, an exudate existence range cannot
be specified in the vertical direction of the OCT image
(B-scan image) shown in FIG. 1. In addition, the OCT image
suffers a problem of an insufficient contrast between a
morbid portion and its surrounding portion based on the
current image quality of the OCT image including high-
intensity regions different from the morbid portion. Hence,
the present invention provides a technique for extracting a
morbid portion from an OCT image with high precision.

One aspect of embodiments of the present invention
relates to an image processing apparatus comprising, bound-
ary extraction means for detecting boundaries of retina
layers from a tomogram of an eye to be examined, exudate
extraction means for extracting an exudate region from a
fundus image of the eye to be examined, registration means
for performing registration between the tomogram and the
fundus image, and calculating a spatial correspondence
between the tomogram and the fundus image, specifying
means for specifying a region where an exudate exists in the
tomogram using the boundaries of the retina layers extracted
by the boundary extraction means, the exudate region
extracted by the exudate extraction means, and the spatial
correspondence calculated by the registration means, like-
lihood calculation means for calculating likelihoods of exis-
tence of the exudate in association with the region specified
by the specifying means, and tomogram exudate extraction
means for extracting an exudate region in the tomogram
from the region specified by the specifying means using the
likelihoods.

Another aspect of embodiments of the present invention
relates to an image processing apparatus comprising, bound-
ary extraction means for detecting boundaries of retina
layers from a tomogram of an eye to be examined, speci-
fying means for specifying a region where an exudate exists
in the tomogram using the boundaries of the retina layers
extracted by the boundary extraction means, likelihood
calculation means for calculating likelihoods of existence of
the exudate in association with the region specified by the
specifying means, and tomogram exudate extraction means
for extracting an exudate region in the tomogram from the
region specified by the specifying means using the likeli-
hoods.

Further features of the present invention will become
apparent from the following description of exemplary
embodiments (with reference to the attached drawings).

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a view showing a typical tomogram of an OCT
image;

FIG. 2 is a block diagram showing an example of the
apparatus arrangement of an image processing system
according to the first embodiment;
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FIG. 3 is a block diagram showing an example of the
functional arrangement of an image processing apparatus
210 according to the first embodiment;

FIG. 4 is a flowchart showing an example of the process-
ing of the image processing apparatus 210 according to the
first embodiment;

FIG. 5 is a view for explaining the operation of an exudate
existence region specifying unit 354 according to the first
embodiment;

FIG. 6 is a view for explaining calculations of exudate
existence likelihoods according to the second embodiment;

FIG. 7 is a block diagram showing the basic arrangement
of a computer which implements functions of the image
processing apparatus 210;

FIG. 8 is a view for explaining the relationship among a
fundus photo, retina volume data, and integrated image;

FIG. 9 is a view for explaining a determination error of
exudate extraction according to the third embodiment;

FIG. 10 is a view for explaining calculations of exudate
existence likelihoods according to the fourth embodiment;
and

FIG. 11 is a block diagram showing an example of the
functional arrangement of an image processing apparatus
210 according to the fourth embodiment.

DESCRIPTION OF EMBODIMENTS

The best mode for carrying out the present invention will
be described in detail hereinafter with reference to the
drawings. However, the scope of the invention is not limited
to illustrated examples.

First Embodiment

The apparatus arrangement of an image processing sys-
tem according to the first embodiment will be described
below with reference to FIG. 2. An image processing
apparatus 210 applies image processing to images captured
by a tomography apparatus 220 and fundus image capturing
apparatus 230, and images stored in a data server 240. The
detailed arrangement of the image processing apparatus 210
is as shown in FIG. 3. The tomography apparatus 220
obtains a tomogram of an eye portion, and includes, for
example, a time domain OCT or Fourier domain OCT. The
tomography apparatus 220 three-dimensionally obtains a
tomogram of an eye portion of an object (patient: not shown)
according to operations of an operator (engineer or doctor:
not shown). The acquired tomogram is transmitted to the
image processing apparatus 210 and data server 240.

The fundus image capturing apparatus 230 captures a
two-dimensional (2D) image of an eye fundus portion. The
fundus image capturing apparatus 230 two-dimensionally
captures an image of an eye fundus portion of an object
(patient: not shown) according to operations of an operator
(engineer or doctor: not shown). The acquired fundus image
is transmitted to the image processing apparatus 210 and
data server 240. The data server 240 stores tomograms
acquired by the tomography apparatus 220 and fundus
images captured by the fundus image capturing apparatus
230. Each stored image is transmitted to the image process-
ing apparatus 210 in response to a request from the image
processing apparatus 210 or an instruction from an operator
(technician or doctor: not shown). Also, the data server 240
stores the processing results output from the image process-
ing apparatus 210. A local area network (LAN) 250 inter-
connects the aforementioned apparatus. Note that these
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apparatus may be connected via an interface such as USB,
IEEE1394, or an optical fiber.

The processing in the image processing apparatus 210
will be described below with reference to the block diagram
shown in FIG. 3 and the flowchart shown in FIG. 4. This
processing is implemented when respective blocks, which
configure the image processing apparatus 210, execute cor-
responding processing programs.

In step S401, a tomogram acquisition unit 310 acquires a
tomogram transmitted from the tomography apparatus 220
or that transmitted from the data server 240. The unit 310
transmits the acquired tomogram to a storage unit 340. In
step S402, a fundus image acquisition unit 320 acquires a
fundus image transmitted from the fundus image capturing
apparatus 230 or that transmitted from the data server 240.
The unit 320 transmits the acquired image to the storage unit
340.

In step S403, a retina layer boundary extraction unit 351
extracts boundaries of retina layers from the tomogram held
in the storage unit 340. Since retina layers have different
intensities in layers for respective layers, a contrast (edge) of
density values is generated at a boundary between two
neighboring layers. Hence, a layer boundary is extracted by
focusing attention on this contrast. Various methods of
extracting a region including such contrast are available. For
example, a contrast is considered as an edge, and layer
boundary extraction can be implemented by detecting the
edge. More specifically, edge components are detected by
applying an edge detection filter to a tomogram, and edges
are searched from the vitreum side in the depth direction of
an eye fundus. Then, a first peak position is detected as a
boundary between the vitreum and retina layers, and a last
peak position is detected as a retinal pigment epithelium
boundary. A layer boundary may be detected using an active
contour method such as Snakes or a level set method. In case
of the level set method, a level set function higher by one
dimension than dimensions of a region to be detected is
defined, and a layer boundary to be detected is considered as
a zero level line. A contour is controlled by updating the
level set function, thus detecting a layer boundary. In addi-
tion, a layer boundary may be detected using a graph
theorem such as GraphCut.

In case of the layer detection processing using the graph
theorem, nodes corresponding to respective pixels of an
image and terminals called a sink and source are set, and
edges which couple between nodes (n-link) and those which
couple between terminals (t-link) are set. A layer boundary
is detected by calculating a minimum cut based on a graph
that is created by giving weights to these edges. Any of the
above layer boundary extraction methods may be three-
dimensionally applied to the entire 3D tomogram as an
object to be processed, or may be independently applied to
each 2D tomogram while considering an input 3D tomogram
as a set of 2D tomograms. Note that the method of detecting
a layer boundary is not limited to these methods, and any
other methods may be used as long as they can detect a layer
boundary from a tomogram of an eye portion.

In step S404, a fundus image exudate extraction unit 352
extracts an exudate from the fundus image held in the
storage unit 340. As image features, an exudate region
locally exists in the fundus image, and has higher intensities
than a surrounding region. Thus, an exudate is extracted by
focusing attention on such image features. Various extrac-
tion methods may be used. For example, a method of
applying tophat operations to one of R, G, and B compo-
nents of the fundus image is available. The tophat operations
calculate density value differences for respective pixels
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between an original image and output image obtained by
applying morphological operations to a density image. In the
image after application of the tophat operations, since pixels
included in an exudate have signals higher than other pixels,
an exudate region can be extracted by applying threshold
processing to this image.

As another exudate region extraction method, an identifier
such as a Support Vector Machine (SVM) and an identifier
ensemble built by, for example, AdaBoost may be used. In
this case, whether or not each pixel belongs to an exudate is
determined based on, as feature amounts, the output results
of various image filters which can emphasize a region in
which density values of R, G, and B components of the
fundus image or intensity contrasts in R, G, and B compo-
nents are high using the identifier or its ensemble. Further-
more, all pixels, which are determined to belong to the
exudate, undergo clustering to identify whether or not each
cluster belongs to an exudate region. At this time, an average
or variance of intensities in each cluster or a intensity
contrast between regions inside and outside each cluster is
used as a feature amount. With the aforementioned process-
ing, the exudate region can be extracted. When a region
extracted by the exudate extraction processing does not
sufficiently include an exudate, figure dilation processing for
the extraction result or a region expansion method using the
extracted region as a seed (seed point) is applied to acquire
a region that sufficiently includes an exudate. Note that the
method of extracting an exudate from a fundus image is not
limited to these methods, and any other methods may be
used as long as they can extract an exudate from a fundus
image.

In step S405, a registration unit 353 performs registration
between the tomogram and fundus image held in the storage
unit 340. An integrated image is generated from the tomo-
gram. Generation of the integrated image will be described
below with reference to FIG. 8. Referring to FIG. 8, retina
volume data 801 includes a plurality of retina tomograms
802. As a coordinate system of the retina volume data 801,
a lateral direction of each retina tomogram 802 (pattern
diagram) is defined as an x-axis, a longitudinal direction is
defined as a y-axis, and the arrangement direction of the
retina tomograms 802 is defined as a z-axis. Especially, a
direction along the y-axis is called an A-scan line, an x-y
plane is called a B-scan section, and an X-z plane is called
a C-scan section. As a coordinate system of a fundus image
821, a lateral direction is defined as an X-axis, and a
longitudinal direction is defined as a Y-axis. Reference
numeral 804 denotes an inner limiting membrane; 805, a
lower side of a nerve fiber layer; 806, an upper side of an
outer plexiform layer; and 807, a lower side of a retinal
pigment epithelium. Retina layers 803 are defined as layers,
which exist in an anatomy sandwiched between the inner
limiting membrane 804, and the lower boundary of the
retinal pigment epithelium.

An integrated image 811 is generated by integrating
intensities of voxels of the retina volume data 801 in the
Z-axis direction. More specifically, a projection plane par-
allel to the C-scan section of the tomogram is assumed, and
density values are projected onto corresponding pixels on
the projection plane for respective A-scan lines of the retina
tomograms 802. A calculation method of a pixel value to be
projected may use a method of calculating a maximum value
or minimum value of voxel values on each A-scan line, a
method of simply adding voxel values in the A-scan line
direction, or a method of calculating an average by dividing
the sum of voxel values by the number of additions. Also,
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not all voxels on each A-scan line need be considered, and
pixel values to be projected may be calculated within an
arbitrary range.

Next, regions having anatomic features are extracted from
the integrated image 811 and fundus image 821. As one of
typical anatomic features, this embodiment focuses attention
on a blood vessel. Since a blood vessel has a thin linear
structure, a blood vessel is extracted using a filter which
emphasizes the linear structure. As the filter which empha-
sizes the linear structure, a differential filter such as a Sobel
filter or Laplacian filter may be used. Alternatively, a line
segment emphasizing filter based on a contrast, which
calculates a difference between an average value of image
density values in a line segment assumed as a structural
element, and an average value in a local region that sur-
rounds the structural element, may be used. Alternatively,
eigenvalues of a Hessian matrix are calculated for respective
pixels of a density value image, and a linear region may be
extracted based on combinations of two eigenvalues that are
obtained as results. Furthermore, tophat operations that
simply have a line segment as a structural element may be
performed. In FIG. 8, blood vessel regions 812 of the eye
fundus are extracted from the integrated image 811, and
blood vessel regions 822 are extracted from the fundus
image 821.

Finally, the coordinate system (X, Y) of the fundus image
821 and the coordinate system (X, z) of the integrated image
811 are registered using the blood vessel regions 812 and
822 respectively extracted from the integrated image 811
and fundus image 821, thereby calculating a spatial corre-
spondence between the tomograms 802 and fundus image
821. Note that a blood vessel projection region 808 is a pixel
region having coordinates (X, z) on the retina tomogram 802.
Upon performing the registration, an evaluation value that
represents a similarity between two images is defined in
advance, and images are deformed to obtain the best evalu-
ation value. As the evaluation value, a value which repre-
sents a degree of overlapping between the integrated image
blood vessel regions 812 and the fundus image blood vessel
regions 822 obtained by the above processing, a distance
between corresponding landmarks upon focusing attention
on regions having characteristic geometric shapes such as
branch portions of blood vessels, and the like can be used.
In this embodiment, a blood vessel is used as a region having
an anatomic feature. Alternatively, another anatomic feature
such as an optic papilla region, or an exudate or bleeding
region caused by a disease may be used. Furthermore, in
place of focusing attention on only anatomic features such as
blood vessels, an evaluation value calculated from the entire
images, for example, a mean square error, correlation coef-
ficient, or mutual information content of intensities may be
used. Note that when the tomograms and fundus images
have already been registered by a state-of-the-art technique,
this step S405 may be omitted.

In step S406, an exudate existence region specifying unit
354 specifies a region where an exudate is likely to exist in
the tomogram. The region is specified using the extraction
results of the boundaries of the retina layers obtained by the
retina layer boundary extraction unit 351, the extraction
result of the exudate on the fundus image obtained by the
fundus image exudate extraction unit 352, and the spatial
correspondence between the tomograms and fundus image
obtained by the registration unit 353.

The operation of the exudate existence region specifying
unit 354 will be described below with reference to FIG. 5.
FIG. 5 shows an image obtained by superimposing one
typical slice of a B-scan image of the tomograms held in the
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storage unit 340, and the extraction results of the boundaries
of the retina layers obtained by the retina layer boundary
extraction unit 351. Referring to FIG. 5, reference numeral
501 denotes an inner limiting membrane; 514, a boundary
between an optic nerve fiber layer and its underlying layer;
502, a junction between inner and outer photoreceptor
segments; and 503, a retinal pigment epithelium boundary.
Also, reference numeral 504 denotes an exudate. Further-
more, reference numeral 505 denotes an extraction result of
the inner limiting membrane obtained by the retina layer
boundary extraction unit 351; and 506, an extraction result
of the retinal pigment epithelium boundary obtained by the
retina layer boundary extraction unit 351.

An exudate existence likelihood in the present invention
is a value defined for each pixel in the tomogram, and
represents a likelihood indicating if that pixel belongs to an
exudate. More specifically, a higher likelihood indicates that
the pixel belongs to an exudate, and a lower likelihood
indicates that it does not belong to an exudate. The existence
likelihood is defined in only a local region that is expected
to sufficiently include an exudate. In step S406, this local
region is set. The local region is set using the boundaries of
the retina layers extracted from the tomogram of the eye
portion and the exudate region extracted from the fundus
image. Settings of four boundary line segments 507, 508,
509, and 510 required to define the local region will be
described below.

The two line segments 507 and 508 required to define the
local region in a direction perpendicular to the A-scan line
(the X-axis direction in FIG. 5) define boundaries of a
corresponding region of an exudate region obtained by
projecting the exudate region extracted from the fundus
image onto the tomogram. The upper boundary line segment
509 in a direction parallel to the A-scan line (the Y-axis
direction in FIG. 5) defines a line segment in a region
sectioned by the aforementioned boundary line segments
507 and 508 of the inner limiting membrane 505 extracted
from the tomogram. In FIG. 5, the boundary line segment
509 is expressed by a bold solid line, which indicates a
portion sectioned by the boundary line segments 507 and
508 of the inner limiting membrane extraction result indi-
cated by a broken line. Finally, upon decision of the lower
boundary line segment 510 in the direction parallel to the
A-scan line (the Y-axis direction in FIG. 5), the extraction
result of the retinal pigment epithelium boundary cannot be
simply used. This is because the junction between inner and
outer photoreceptor segments and the retinal pigment epi-
thelium which are located below the exudate in the tomo-
gram of the eye portion tend to have lower intensities than
their surrounding region, as also shown in FIG. 5. In such
case, when the exudate region is erroneously extracted as the
retinal pigment epithelium boundary, and this result is
simply used, a region which sufficiently includes the exudate
cannot be set.

In order to solve this problem, according to the present
invention, the boundary line segment 510 is defined using
extraction results prpz; and pxpz» 510 of the retinal pigment
epithelium boundary in the vicinity of a region bounded by
the boundary line segments 507 and 508. More specifically,
a line segment is generated by interpolating between pgpz;
and pzpz, using a known interpolation method, and is used
as the boundary line segment 510. In this embodiment, the
extraction result 505 of the inner limiting membrane and the
extraction result 506 of the retinal pigment epithelium
boundary are used to decide the boundary line segments 509
and 510. However, the extraction results of the boundaries
of the retina layers that can be used in this embodiment are
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not limited to those. For example, an extraction result of the
boundary 514 between the optic nerve fiber layer and its
underlying layer and that of the junction 502 between inner
and outer photoreceptor segments may be used.

In step S407, an exudate existence likelihood calculation
unit 355 calculates exudate existence likelihoods for respec-
tive pixels in the local region which is bounded by the
boundary line segments 507, 508, 509, and 510 acquired by
the exudate existence region specifying unit 354. As is
generally known, an exudate exists between the outer plexi-
form layer and the junction between inner and outer photo-
receptor segments. According to the present invention, exis-
tence likelihoods are assigned based on this anatomic
knowledge. Various setting methods of existence likelihoods
are available. In this embodiment, positions where an exu-
date is most likely to exist are estimated from the line
segment 510 acquired by interpolation, and likelihoods are
assigned based on that result. More specifically, positions
513 separated upward from respective pixels on the bound-
ary segment line 510 by a predetermined distance Doy
Eexupare along the A-scan line are defined as positions where
an exudate anatomically exists. The value Dypr pvempare
may be determined from a representative distance value
from an exudate to the retinal pigment epithelium boundary
in typical cases including an exudate. Also, the value
Dy reexopare Mmay be calculated based on an average of
distance values from intermediate positions between the
outer plexiform layer and the junction between inner and
outer photoreceptor segments to the retinal pigment epithe-
lium boundary.

A position pryrpare estimated that an exudate is most
likely to exist is used as a reference position, and a likeli-
hood is set to assume 1 within a predetermined range from
that reference position and O outside the range, as given by:

0
Clp) = {

L (Ip = pexuparel > hexupare)

®

(Ip = PEXUDATE| = hEXUDATE)

where p represents the coordinates of a certain voxel on the
A-scan line, and pzy¢p.47= epresents the coordinates of the
position 513 estimated that an exudate is most likely to exist
on the A-scan line. Also, by 47 1S an average value of the
sizes (distance values from the barycenters of exudates) of
exudates, and is acquired from exudate regions included in
a plurality of tomograms acquired in advance. In equation
(1), the likelihood is defined by a binary value (0 or 1).
However, the likelihood may be given by a multi-value
equal to or larger than O to equal to or smaller than 1. A
likelihood is defined by a Gaussian function, as given by:

@
Alternatively, a likelihood may assume a value simply
inversely proportional to a distance value from the reference
position 513 or may be set to be a value inversely propor-
tional to a square of the distance value, as given by:

Clp)=exp(~(p—Prxupa4 ZE))2

=1 3
P |p = PExupaTEl +1
1 “)

cp=————
(p - pExupATE) + 1

Furthermore, an image feature amount such as a filter
output value of a point convergence index filter may be used
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as an existence likelihood, or a likelihood may be set based
on a combination with the line segment 509.

In step S408, a tomogram exudate extraction unit 356
extracts an exudate based on the exudate existence likeli-
hoods acquired by the exudate existence likelihood calcu-
lation unit 355. Voxels which belong to the exudate have
relatively high intensities in the tomogram, and the entire
exudate has a massive structure in the tomogram. The
exudate is extracted using these image features and the
existence likelihoods. Let I(p) be a tomogram intensity of a
voxel p, and C(p) be an existence likelihood. Also, let F(p)
be a filter output value of a point convergence index filter as
one of filters which emphasize a region having a massive
structure.

F(p)= max (5)

Ry=r=Ry

Z v-g(p+v)

vev[nDl

where v is one element of a set V"> ] of directional vectors
which indicate respective voxels in a ring defined by two
concentric circles having radii r and r+D, and g(p+v) is a
intensity gradient vector of the tomogram at a voxel p+v.
Also, ‘-’ represents an inner product of two vectors. R, and
R, are radii of an inner concentric circle of two concentric
circles, and exudates having different sizes can be extracted
by applying the point convergence index filter while chang-
ing the radius of the concentric circle. Note that as a filter
which emphasizes a region having a massive structure, an
output result of the tophat operations may be used, and a
intensity contrast obtained based on differences between
intensities of a circle having a voxel p of interest as a center
and its surrounding region may be used. Furthermore, these
filters may be a 2D filter which can be independently applied
to each B-scan image of the tomogram, or they may be a 3D
filter which can be applied to the entire tomogram. Then, an
exudate region R ;17477 18 extracted by applying threshold
processing to at least one value of C(p), I(p), and F(p). This
embodiment will explain an example using all of C(p), I(p),
and F(p).

Rexupate={peVocr Co)=T.I(p)=TF(p)=Tr} (6)

where V., represents a set including voxels in the tomo-
gram as elements. T, T, and T, can be decided from
preliminary experiments using a plurality of tomograms
which have already been acquired in advance. More spe-
cifically, an extraction failure ratio E,, and an extraction
error ratio E, of an exudate when a set of values as T, T,
and Ty are given. Using the calculation result, an evaluation
value E is calculated, as defined by:

E=Eppn+Erp ™

The evaluation values E are calculated while changing
Te Ty and Tx. T, T,, and T which can minimize E are
used as thresholds of equation (6). The exudate extraction
method is not limited to the threshold processing for C(p),
1(p), and F(p). More specifically, an identifier may be built
using an SVM or AdaBoost to have C(p), I(p), and F(p) as
feature amounts, and exudate extraction may be imple-
mented using the obtained identifier. In this case, a plurality
of feature amounts are further added. For example, an
average value, variance, degree of distortion, kurtosis,
entropy, Sobel filter, Laplacian filter, Gaussian filter, maxi-
mum value filter, and minimum value filter for the tomogram
and existence likelihood image may be added. Also, an
output value of a filter as a combination of these feature
amounts can be used as a feature amount.
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In step S409, a display unit 360 displays, on a monitor, the
tomogram acquired by the tomogram acquisition unit 310,
the fundus image acquired by the fundus image acquisition
unit 320, and the exudate region obtained by an image
processing unit 350. In step S410, a processing result output
unit 370 transmits information required to identify the eye to
be examined, the tomogram and fundus image input to the
image processing unit 350, and the exudate region obtained
by the image processing unit 350 to the data server 240.

According to the aforementioned arrangement, the image
processing system specifies a region where an exudate is
more likely to exist using the extraction results of the
boundaries of the retina layers acquired from the OCT
tomogram and the exudate extraction result acquired from
the fundus image. Then, the system decides existence like-
lihoods in that region. Finally, the system extracts an exudate
based on the existence likelihoods and image features
obtained from the OCT tomogram. As a result, the exudate
region can be extracted with high precision.

Second Embodiment

This embodiment will explain an example of a modifica-
tion in which exudate existence likelihoods in step S407 of
the first embodiment are set based on previous knowledge
about correlation information between the distances
between the boundaries of retina layers and existence like-
lihoods. The apparatus arrangement of an image processing
system corresponding to this embodiment is the same as that
shown in FIGS. 2 and 3. In the first embodiment, a highest
existence likelihood is assigned to a position separated from
a retinal pigment epithelium boundary by a given distance
Rpr evoparz and smaller existence likelihoods are assigned
with increasing distance from this position. However, an
inner limiting membrane—retinal pigment epithelium
boundary distance varies depending on objects. Even in a
single object, the distance varies depending on locations in
an eye fundus. For this reason, the aforementioned existence
likelihood setting method is unlikely to appropriately assign
likelihoods to positions where an exudate exists. Hence, in
this embodiment, the relationships between the inner limit-
ing membrane—retinal pigment epithelium boundary dis-
tances and existence likelihoods are acquired in advance
from a plurality of eyes to be examined, and these pieces of
information are stored in a data server 240. That is, the data
server 240 stores a plurality of sets of likelihoods of respec-
tive pixels between the inner limiting membranes and retinal
pigment epithelium boundaries in association with the inner
limiting membrane—retinal pigment epithelium boundary
distances. Upon calculating existence likelihoods for a new
eye to be examined, which are not stored in the data server
240, an exudate existence likelihood calculation unit 355
uses the relationships between the inner limiting mem-
brane—retinal pigment epithelium boundary distances and
existence likelihoods, which are stored in the data server
240.

Previous knowledge about correlation information
between the inner limiting membrane—retinal pigment epi-
thelium boundary distances and existence likelihoods is
acquired from a large number of tomograms that are stored
in advance. Initially, an exudate existence region in each
tomogram is manually extracted. Inner limiting mem-
brane—retinal pigment epithelium boundary distances are
measured in association with respective A-scan lines which
pass through the extracted region. With the above process-
ing, the inner limiting membrane—retinal pigment epithe-
lium boundary distances and a one-dimensional label image
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(an image including a value “1” of a voxel which belongs to
an exudate and a value “0” as other voxel values) which
expresses voxels that belong to the exudate on the A-scan
lines can be acquired.

After the inner limiting membrane—retinal pigment epi-
thelium boundary distances and exudate label images are
acquired by applying the aforementioned processing to all
tomograms, correlations between the inner limiting mem-
brane—retinal pigment epithelium boundary distances and
exudate existence positions are calculated. More specifi-
cally, a mean M!¥ (p) of label values is calculated for each
voxel in association with label images L),(p) on the A-scan
lines having a distance value d as the inner limiting mem-
brane—retinal pigment epithelium boundary distance, as
given by:

>, M ®

ieSy

Mp) = Nl

where S is a set of indices indicating label images on the
A-scan lines having the distance value d as the inner limiting
membrane—retinal pigment epithelium boundary distance,
and i represents a certain index. Also, N'? is the number of
A-scan lines having the distance value d. The mean M (p)
of the label values obtained by equation (8) is defined as an
exudate existence likelihood on the A-scan lines having the
distance value d.

Step S407 of calculating exudate existence likelihoods
will be described below with reference to FIG. 6. A distance
Dy arrpe between boundary line segments 509 and 510
acquired in step S406 is calculated for each A-scan line
which passes through a local region. FIG. 6 practically
illustrates a certain A-scan line 605, and a distance between
an intersection 606 between this A-scan line 605 and an
inner limiting membrane and an intersection 607 between
the A-scan line 605 and a retinal pigment epithelium bound-
ary is Dy, zpr Next, exudate existence likelihoods
MPLM-REE] (1Y at respective voxels on the A-scan line when
the distance between the inner limiting membrane and
retinal pigment epithelium boundary is Dy, zpp are
acquired from a database. The acquired exudate existence
likelihoods are substituted in corresponding voxels p. By
executing these operations for all A-scan lines which pass
through the local region, the exudate existence likelihoods
can be set in all voxels in the local region.

In this embodiment, exudate existence likelihoods are set
based on correlation information associated with the inner
limiting membrane—retinal pigment epithelium boundary
distances and exudate existence positions. However, another
anatomic information may be used. For example, a distance
value r from a macula in the tomogram may be used. In this
case, an exudate existence likelihood is a value M (p)
decided based on the distance value r from a macula.
Furthermore, two parameters d and r may be combined, and
an existence likelihood in this case is a value M%7 (p)
decided based on d and r. In this embodiment, the inner
limiting membrane—retinal pigment epithelium boundary
distance is used as a distance between the boundaries of
retina layers. However, the distance between the boundaries
of retina layers that can be used in this embodiment is not
limited to such specific distance. For example, a distance
between a boundary 608 between an optic nerve fiber layer
and its underlying layer and a junction 602 between inner
and outer photoreceptor segments may be used.
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According to the aforementioned arrangement, high-pre-
cision exudate extraction can be implemented without being
influenced by differences of inner limiting membrane—
retinal pigment epithelium boundary distances between
objects and differences of distances in the eye fundus in a
single object.

Third Embodiment

This embodiment will explain an example in which
extraction error determination about a region extracted by
exudate extraction in a tomogram in step S408 in FIG. 4 is
made. In step S406, a region to which exudate extraction
processing is to be applied is limited using an exudate region
acquired from a fundus image in addition to retina layer
extraction results. For this reason, when a region other than
an exudate in the fundus image is erroneously extracted as
an exudate, the exudate extraction processing is unwantedly
applied to a region where no exudate exists in the tomogram.
This embodiment will be described in detail below.

FIG. 9 is a view for explaining the aforementioned
extraction error. Referring to FIG. 9, reference numeral 901
denotes an inner limiting membrane; 910, a boundary
between an optic nerve fiber layer and its underlying layer;
902, a junction between inner and outer photoreceptor
segments; and 903, retinal pigment epithelium boundary.
Also, reference numeral 904 denotes an extraction result of
the inner limiting membrane obtained by a retina layer
boundary extraction unit 351; and 905, an extraction result
of the retinal pigment epithelium boundary obtained by the
retina layer boundary extraction unit 351. When a region
where no exudate exists is erroneously extracted from a
fundus image, a normal region where no exudate exists is set
as a region where an exudate is likely to exist in step S406,
and exudate existence likelihoods are set in this region in
step S407 like in a region bounded by lines 906 and 907 in
FIG. 9. As a result, upon extracting an exudate in step S408,
aportion 908 of the optic nerve fiber layer (a region bounded
by lines 901 and 910 in FIG. 9) or a portion 909 of a region
bounded by the junction between inner and outer photore-
ceptor segments and the boundary of the retina layer is likely
to be erroneously extracted as an exudate. Since a region
having a spherical massive structure is extracted as an
exudate in step S408, a region having such layer structure is
unlikely to be erroneously extracted, but it is difficult to
suppress all extraction errors.

Thus, it is determined whether or not a region extracted in
step S408 is an erroneously extracted region. If it is deter-
mined that the extracted region is an erroneously extracted
region, that region is deleted, and is not included in an
exudate region. More specifically, the number of coupled
pixels is calculated for each extracted coupled region, and is
compared with a coupling threshold. If the number of
coupled pixels is smaller than the coupling threshold, that
region is determined as a small region, and is deleted. On the
other hand, as for regions each having the number of
coupled pixels equal to or larger than the coupling threshold,
a degree of circularity is calculated for each region, and a
region having the degree of circularity lower than a prede-
termined degree is determined as an erroneously extracted
region and is deleted. In place of using the degree of
circularity, eigenvalues of a Hessian matrix for a B-scan
image may be calculated, whether or not a coupled region
has a circular density value distribution may be determined
based on a combination of eigenvalues, and an erroneously
extracted region may be deleted using the determination
result. Note that this embodiment can be applied to an
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exudate extraction error about a region which has image
features similar to an exudate in a fundus image but has
different image features in a tomogram like a druse.

According to the aforementioned arrangement, this
embodiment can suppress extraction errors in exudate
extraction, and can implement exudate extraction with high
precision.

Fourth Embodiment

The image processing apparatus 210 according to the
aforementioned embodiments specifies a region where an
exudate is more likely to exist using the boundaries of retina
layers extracted from a tomogram and an exudate region
extracted from a fundus image. Within this region, exudate
existence likelihoods are calculated, and an exudate is
finally extracted from the tomogram based on the exudate
existence likelihoods and image features. An image process-
ing apparatus according to this embodiment limits an exu-
date extraction processing target region, calculates existence
likelihoods based on anatomic knowledge, and extracts an
exudate based on the existence likelihoods and image fea-
tures, as in the first embodiment. However, in the first
embodiment, upon limiting the exudate extraction process-
ing target region, a projection region obtained by projecting
an exudate region extracted from a fundus image onto a
tomogram is used in addition to tomogram retina layer
extraction results. By contrast, this embodiment limits a
target region using only the tomogram retina layer extraction
results without using any 2D image such as a fundus image.

The functional arrangement of an image processing appa-
ratus 210 according to this embodiment will be described
below with reference to FIG. 11. FIG. 11 is a functional
block diagram of the image processing apparatus 210. The
image processing apparatus 210 includes a tomogram acqui-
sition unit 1110, instruction acquisition unit 1120, storage
unit 1130, image processing unit 1140, display unit 1150,
and processing result output unit 1160. Furthermore, the
image processing unit 1140 includes a retina layer boundary
extraction unit 1141, exudate existence region specifying
unit 1142, exudate existence likelihood calculation unit
1143, and tomogram exudate extraction unit 1144. Since all
the units except for the exudate existence region specitying
unit 1142 are the same as those in the functional arrangement
of the image processing apparatus 210 according to the first
embodiment, a description thereof will not be repeated. The
exudate existence region specifying unit 1142 specifies a
region where an exudate is likely to exist in the tomogram
from retina layer extraction results output from the retina
layer boundary extraction unit 1141.

The processing sequence of the image processing appa-
ratus 210 of this embodiment will be described below. The
processing in this embodiment can be implemented by
executing steps S401, S403, S406, S407, and S408 to S410
of steps of the flowchart shown in FIG. 4. Of these steps,
steps S401, S403, and S408 to S410 have the same process-
ing contents. The processes in steps S406 and S407 corre-
sponding to this embodiment will be described below.

In step S406, the exudate existence region specifying unit
1142 specifies a region where an exudate is likely to exist
from information of boundaries of retina layers acquired by
the retina layer boundary extraction unit 1141. An exudate
existence region specifying method in this case will be
described below with reference to FIG. 10. Referring to FIG.
10, reference numeral 1001 denotes an inner limiting mem-
brane; 1008, a boundary between an optic nerve fiber layer
and its underlying layer; 1002, a junction between inner and
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outer photoreceptor segments; and 1003, a retinal pigment
epithelium boundary. Reference numeral 1004 denotes an
exudate. Furthermore, reference numeral 1005 denotes an
extraction result of the inner limiting membrane obtained by
the retina layer boundary extraction unit 1141; and 1006, an
extraction result of the retinal pigment epithelium boundary
obtained by the retina layer boundary extraction unit 1141.

In this embodiment, exudate existence likelihoods are
defined in a region having, as boundaries, the extraction
result 1005 of the inner limiting membrane and the extrac-
tion result 1006 of the retinal pigment epithelium boundary,
which are obtained by the retina layer boundary extraction
unit 1141. Based on anatomic knowledge “an exudate exists
between an outer plexiform layer and the junction between
inner and outer photoreceptor segments”, existence likeli-
hoods are assigned to voxels in this region. Initially, posi-
tions 1007 where an exudate is most likely to exist are
decided for respective A-scan lines in a B-scan image based
on the extraction result 1005 of the inner limiting membrane
and the extraction result 1006 of the retinal pigment epithe-
lium boundary. FIG. 10 illustrates, as the positions 1007, a
line segment which connects positions where an exudate is
most likely to exist. Note that a slightly broader region on
the upper side of the extraction result 1005 of the inner
limiting membrane and on the lower side of the extraction
result 1006 of the retinal pigment epithelium boundary may
be set in consideration of a possibility that the extraction
result 1005 of the inner limiting membrane and the extrac-
tion result 1006 of the retinal pigment epithelium boundary
do not sufficiently include an exudate. In this embodiment,
the extraction result 1005 of the inner limiting membrane
and the extraction result 1006 of the retinal pigment epithe-
lium boundary are used as the extraction results of the
boundaries of the retina layers required to specify an exudate
existence region. However, the extraction results of the
boundaries of the retina layers that can be used in this
embodiment are not limited to these specific extraction
results. For example, the extraction result of the boundary
1008 between the optic nerve fiber layer and its underlying
layer and that of the junction 1002 between inner and outer
photoreceptor segments may be used.

In step S407, the exudate existence likelihood calculation
unit 1143 calculates exudate existence likelihoods for
respective pixels around the positions 1007 where an exu-
date is most likely to exist, which is acquired by the exudate
existence region specifying unit 1142. As is generally
known, an exudate exists between the outer plexiform layer
and the junction between inner and outer photoreceptor
segments. According to the present invention, existence
likelihoods are assigned based on this anatomic knowledge.
This embodiment can calculate exudate existence likeli-
hoods as in the first embodiment using the positions 1007 as
the positions 513 in FIG. 5 of the first embodiment.

According to the aforementioned arrangement, the image
processing system specifies a region where an exudate is
more likely to exist using only the extraction results of the
boundaries of the retina layers, which are acquired from an
OCT tomogram initially. Then, the system decides existence
likelihoods in that region based on the extraction results of
the boundaries of the retina layers. Finally, the system
extracts an exudate based on the existence likelihoods and
image features obtained from the OCT tomogram. As a
result, an exudate region can be extracted with high preci-
sion.

Other Embodiments

The aforementioned embodiments implement the present
invention as an image processing apparatus. However, an
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embodiment of the present invention is not limited to only
the image processing apparatus. This embodiment imple-
ments the present invention as software which runs on a
computer.

FIG. 7 is a block diagram showing the basic arrangement
of'a computer used to implement the functions of respective
units of an image processing apparatus 210 as software. A
CPU 701 controls the overall computer using programs and
data stored in a RAM 702 and ROM 703. Also, the CPU 701
implements the functions of the respective units by control-
ling execution of software programs corresponding to the
respective units of the image processing apparatus 210. The
RAM 702 includes an area for temporarily storing programs
and data loaded from an external storage device 704, and
also an area required for the CPU 701 to execute various
processes. The function of a storage unit 340 is implemented
by the RAM 702 and the like. The ROM 703 generally stores
a BIOS, setting data, and the like of the computer.

The external storage device 704 serves as a large-capacity
information storage device such as a hard disk drive, and
stores an operating system and computer programs executed
by the CPU 701. The external storage device 704 stores
information which is given in the description of this embodi-
ment, and such information is loaded onto the RAM 702 as
needed. A monitor 705 is configured by, for example, a
liquid crystal display. For example, the monitor 705 can
display the contents output from a display unit 360. A
keyboard 706 and mouse 707 are input devices. An operator
can input various instructions to the image processing appa-
ratus 210 using these input devices. The function of an
instruction acquisition unit 330 is implemented via these
input devices. An interface 708 is used to exchange various
data between the image processing apparatus 210 and exter-
nal apparatus, and is configured by, for example, an optical
fiber, IEEE1394, USB, or Ethernet® port. Data acquired via
the interface 708 is fetched onto the RAM 702. Functions of
a tomogram acquisition unit 310, fundus image acquisition
unit 320, and processing result output unit 370 are imple-
mented via the interface 708. The aforementioned compo-
nents are interconnected via a bus 709.

Aspects of the present invention can also be realized by a
computer of a system or apparatus (or devices such as a CPU
or MPU) that reads out and executes a program recorded on
a memory device to perform the functions of the above-
described embodiment(s), and by a method, the steps of
which are performed by a computer of a system or apparatus
by, for example, reading out and executing a program
recorded on a memory device to perform the functions of the
above-described embodiment(s). For this purpose, the pro-
gram is provided to the computer for example via a network
or from a recording medium of various types serving as the
memory device (for example, computer-readable medium).

While the present invention has been described with
reference to exemplary embodiments, it is to be understood
that the invention is not limited to the disclosed exemplary
embodiments. The scope of the following claims is to be
accorded the broadest interpretation so as to encompass all
such modifications and equivalent structures and functions.

This application claims the benefit of Japanese Patent
Application No. 2009-133453, filed Jun. 2, 2009 which is
hereby incorporated by reference herein in its entirety.

The invention claimed is:

1. An image processing apparatus comprising:

at least one memory; and

at least one processor to perform operations comprising:

extracting boundaries of retina layers from a tomogram
of an eye to be examined;
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extracting an exudate region from a fundus image of
the eye to be examined;

specifying a region where an exudate exists in the
tomogram using the extracted boundaries of the
retina layers and the extracted exudate region;

calculating, according to distances between the
extracted boundaries of the retina layers, likelihoods
of existence of the exudate in the specified region of
the tomogram; and

extracting, according to voxels having intensities
higher than a threshold and the calculated likeli-
hoods, an exudate region in the specified region of
the tomogram.

2. The apparatus according to claim 1, wherein the
operations further comprise deciding a region in the tomo-
gram corresponding to the exudate region extracted from the
fundus image by projecting the extracted exudate region
onto the tomogram, and

wherein the region where the exudate exists is specified in

the tomogram based on the boundaries of the retina
layers included in the corresponding region and a
surrounding region thereof.

3. An image processing apparatus comprising:

at least one memory; and

at least one processor to perform operations comprising:

extracting boundaries of retina layers from a tomogram
of an eye to be examined;

specifying a region where an exudate exists in the
tomogram using a fundus image of the eye to be
examined and the extracted boundaries of the retina
layers;

calculating, according to distances between the
extracted boundaries of the retina layers, likelihoods
of existence of the exudate in the specified region of
the tomogram; and

extracting, according to voxels having intensities
higher than a threshold and the calculated likeli-
hoods, an exudate region in the specified region of
the tomogram.

4. The apparatus according to claim 1, wherein in the
calculating, the likelihoods are calculated according to the
distances from a reference position, wherein the reference
position is decided based on the boundaries of the retina
layers in the specified region.

5. The apparatus according to claim 1, wherein in the
calculating, likelihoods of pixels in the specified region are
decided by acquiring, from a data server which stores a set
of likelihoods of respective pixels that exist between the
boundaries of the retina layers in association with the
distances between the boundaries of the retina layers, the set
of'likelihoods according to the distances between the bound-
aries of the retina layers in the specified region.

6. The apparatus according to claim 1, wherein in the
extracting an exudate region in the specified region of the
tomogram, respective pixels which are included in the
specified region and have the likelihoods larger than a
related threshold are extracted as the exudate region in the
tomogram.

7. The apparatus according to claim 1, wherein in the
extracting an exudate region in the specified region of the
tomogram, at least one of intensities of pixels and output
values of a filter configured to emphasize a region in which
intensities are higher than a surrounding region are used, in
addition to the likelihoods, and pixels larger than related
thresholds in association with the likelihoods and at least
one of the intensities and the output values of the filter are
extracted as the exudate region in the tomogram.
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8. The apparatus according to claim 1, wherein when a
number of coupled pixels is smaller than a coupling thresh-
old or a degree of circularity is lower than a predetermined
degree in a coupled region obtained by coupling pixels
extracted as an exudate, the coupled region as the exudate
region in the tomogram is not extracted.

9. An image processing method comprising:

extracting boundaries of retina layers from a tomogram of

an eye to be examined;

extracting an exudate region from a fundus image of the

eye to be examined;

specifying a region where an exudate exists in the tomo-

gram using the extracted boundaries of the retina
layers, and the extracted exudate region;

calculating, according to distances between the extracted

boundaries of the retina layers, likelihoods of existence
of the exudate in the specified region of the tomogram;
and

extracting, according to voxels having intensities higher

than a threshold and the calculated likelihoods, an
exudate region in the specified region of the tomogram.

10. An image processing method comprising:

extracting boundaries of retina layers from a tomogram of

an eye to be examined;
specifying a region where an exudate exists in the tomo-
gram using a fundus image of the eye to be examined
and the extracted boundaries of the retina layers;

calculating, according to distances between the extracted
boundaries of the retina layers, likelihoods of existence
of the exudate in the specified region of the tomogram;
and

extracting, according to voxels having intensities higher

than a threshold and the calculated likelihoods, an
exudate region in the specified region of the tomogram.

11. A non-transitory computer-readable storage medium
storing a computer program for making a computer perform
operations comprising:

extracting boundaries of retina layers from a tomogram of

an eye to be examined;

extracting an exudate region from a fundus image of the

eye to be examined;

specifying a region where an exudate exists in the tomo-

gram using the extracted boundaries of the retina layers
and the extracted exudate region;

calculating, according to distances between the extracted

boundaries of the retina layers, likelihoods of existence
of the exudate in the specified region of the tomogram;
and

extracting, according to voxels having intensities higher

than a threshold and the calculated likelihoods, an
exudate region in the specified region of the tomogram.
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12. A non-transitory computer readable storage medium
storing a computer program for making a computer perform
operations comprising:

extracting boundaries of retina layers from a tomogram of

an eye to be examined;
specifying a region where an exudate exists in the tomo-
gram using a fundus image of the eye to be examined
and the extracted boundaries of the retina layers;

calculating, according to distances between the extracted
boundaries of the retina layers, likelihoods of existence
of the exudate in the specified region of the tomogram;
and

extracting, according to voxels having intensities higher

than a threshold and the calculated likelihoods, an
exudate region in the specified region of the tomogram.

13. The apparatus according to claim 1, wherein the
operations further comprise performing registration between
the tomogram and the fundus image, and

wherein the region where an exudate exists is specified in

the tomogram after the registration.

14. The apparatus according to claim 3, wherein the
operations further comprise performing registration between
the tomogram and the fundus image, and

wherein the region where an exudate exists is specified in

the tomogram after the registration.

15. The image processing method according to claim 9,
further comprising performing registration between the
tomogram and the fundus image,

wherein the region where an exudate exists in the tomo-

gram is specified by the specifying after the perfor-
mance of the registration.

16. The image processing method according to claim 10,
further comprising performing registration between the
tomogram and the fundus image,

wherein the region where an exudate exists in the tomo-

gram is specified by the specifying after the perfor-
mance of the registration.

17. The apparatus according to claim 1, wherein each
likelihood of each voxel is calculated according to the
distances.

18. The apparatus according to claim 3, wherein each
likelihood of each voxel is calculated according to the
distances.

19. The image processing method according to claim 9,
wherein each likelihood of each voxel is calculated accord-
ing to the distances.

20. The image processing method according to claim 10,
wherein each likelihood of each voxel is calculated accord-
ing to the distances.



